GYROSCOPIC SYSTEM FOR BORESIGHTING EQUIPMENT 

Background of the Invention 
Field of the Invention 

[0001] The present invention relates generally to a system for aligning 

a device using the relative orientation of two structural lines, two virtual lines, or 
one structural and one virtual line. The invention further relates to a method and 
apparatus for optically acquiring a reference line and transferring parallel or non- 
parallel lines to determine the orientation of a device with respect to the reference. 
Related Art 

[0002] In order to control equipment such as sensors, guns, cameras and 

antennae mounted on vehicles such as aircraft or spacecraft, it is important to align 
the equipment boresights with respect to a reference axis on the vehicle. A number 
of methods exist for bringing weapon or navigational stations into alignment with the 
Armament Datum Line (ADL) on a variety of aircraft. The ADL defines the center 
line of the aircraft; however, it is more than simply a line because it also provides a 
roll reference. Although reference is made to an ADL for alignment applications 
involving spacecraft and aircraft, the method and apparatus is also useful in oil 
drilling, civil engineering, construction and medical applications, among others, 
which involve the alignment of any device with respect to a structural or virtual 
reference line. 

[0003] One alignment method using the ADL of an aircraft, as shown 

in FIGS. 1A and IB, involves attaching two brackets or adapters 220 and 222 to 
an aircraft 224 at two respective locations along the ADL 226. In addition, each 
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station on the aircraft is fitted with its own adapter (not shown). A telescope 228 is 
then installed in the leading or forward end 222 bracket and is used to align with 
the rear or aft end bracket. With reference to FIG. 2, a target board 230 is set at a 
precise distance from the telescope 228. The target board is aligned so that a 
reticle 232 from the telescope falls upon an ADL fiducial 234 on the target board. 
The telescope is then moved from station adapter to station adapter while each 
station is boresighted with its own fiducial 236 on the target board. The use of the 
telescope and target board is limited to the transfer of parallel lines to align 
stations. 

[0004] In the second alignment method, a "Christmas Tree" adapter 

240 is attached to the aircraft (see FIG. 3) and is aligned to the ADL. Additional 
adapters (not shown) are also provided on each station and a telescope 242 is 
positioned at various points 244, 246 and 248 around the tree to align each station. 
In order to accommodate all the stations on an aircraft, this tree is necessarily large 
and onerous. Again, this method of alignment is limited to the transfer of parallel 
lines. 

[0005] Both of these methods for boresight alignment have procedural 

and equipment aspects which seriously limit their ultimate accuracy. Some of 
these limitations include: the reliance on the proper alignment of the human eye 
with the optical system (parallax) for error readings; the correct positioning of the 
target board not only in standoff position but in pitch, yaw and roll positions; the 
use of a finite focal length reticle as a reference; the movement of the target board 
during alignment on the flightline due to wind and other factors; the warping or 
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bending of the Christmas tree; and the movement of the aircraft itself, among 
other limitations. 

[0006] Beyond accuracy, there are two other factors which make these 

methodologies undesirable: the size and weight of the auxiliary equipment, and 
the time needed to complete a station alignment. For example, the mounting stand 
250 (FIG. 2) for a target board is 10 feet tall and weighs approximately 500 
pounds. The alignment procedure for an aircraft using the target board requires the 
elevation of the front of the aircraft to relieve weight on the nose wheel using a 
600 pound jack. The station adapters themselves typically weight 25 to 35 pounds 
and are awkward. The alignment procedure for the Apache helicopter typically 
involves removal of the windshield in order to install the "Christmas Tree" 
alignment adapter for a heads-up display. 

[0007] The two boresighting methods discussed above employ optics 

to acquire the reference axis. A number of boresighting systems exist which 
employ gyroscopes to align a device with respect to another device. For example, 
U.S. Pat. No. 4,012,989 to Hunt et al. discloses an inertial sighting system for 
slewing the axis of a device which is mounted on an aircraft. The disclosed system 
comprises a pair of gyroscopes and a hand-held sighting device, which also 
comprises a pair of gyroscopes. Both sets of gyroscopes are initially caged to align 
the spin axis on each gyroscope on the aircraft mounted device with the spin axis 
of a corresponding one of the gyroscopes on the hand-held device to establish an 
arbitrary reference system between the two devices. Once the gyroscopes are 
uncaged on the sighting device, data is continuously fed from the hand-held device 
to generate orientation command signals for a gun. 
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[0008] U.S. Pat. No. 3,731,543 to Gates discloses a gyroscopic 

boresight alignment system comprising a master sensor unit having two 
gyroscopes which is mounted on an aircraft with respect to its armament data line. 
The system also comprises a remote sensor unit having a single gyroscope which 
is mounted on equipment. The misalignment of equipment is determined by 
comparing angular rates of the aircraft and equipment axes with respect to a 
parallel relationship with the ADL. 

[0009] U.S. Pat. No. 3,930,3 1 7 to Johnston discloses an electronic 

azimuth transfer system comprising a navigator which is mounted on a vehicle. A 
remote sensor coupled to the navigator aligns itself with respect to North as does 
the navigator. The remote sensor is thereafter moved to a gun or other equipment 
to indicate equipment alignment with respect to North. 

[00010] Prior gyroscopic alignment systems such as those discussed in 
the above-referenced patents are disadvantageous for several reasons. They are 
limited in operation to transfer only parallel lines with respect to a reference line, 
i.e., the ADL. Further, the systems in the Johnston and Gates patent do not provide 
for 3-axis detection. As a result, the accuracy of these systems is limited by the 
manner in which the gyroscopes on the master and slave inertial sensors are 
oriented with respect to each other. Specifically, if the hand held sensor is 
inadvertently rotated around the spin axis of the single gyro, the gyro senses no 
motion. Thus, the other two axes will no longer align with the axes of the double- 
gyro unit. This will cause a "cross coupling" error in the information produced by 
the device. 
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[0001 1] The disadvantages with the prior art described above were 
overcome with the system described in U.S. Patent Number 5,438,404 entitled 
"Gyroscopic System for Boresighting Equipment by Optically Acquiring and 
Transferring Parallel and Nonparallel Lines", which is incorporated herein by 
reference. The system described in the f 404 patent is an advanced technology 
boresighting system and generally outperforms other boresighting technology. 
However, the system described in the f 404 patent does have some limitations. 
These limitations are associated with the fact that the system of the f 404 patent 
relies on three axis inertial stabilization. This results in the boresight inertial unit 
of the '404 patent being physically large and heavy, making it difficult to use. The 
large weight and physical size is directly attributable to the fact that a housing for 
the unit must be physically large enough to fully enclose a gimbal with three 
degrees of freedom (yaw, pitch and roll). Another limitation is that precision 
gimbal components are very expensive. The need to have three degrees of 
freedom and the gimbal adds significant cost to the system. 

[00012] Thus, there is a need for an advanced boresighting system that 
can reduce the cost and physical size of the boresight inertial unit, hereinafter 
referred to as a measurement unit, of a gyroscopic boresighting system. 

Brief Summary of the Invention 

[00013] In an exemplary embodiment of the invention, a method for 
aligning a device is provided. The method comprises aligning a stationary inertial 
sensor with respect to a reference line. An electromagnetic beam is projected from 
a portable inertial sensor to a mirror coupled to the stationary inertial sensor and the 
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angle of the reflected beam is detected. The relative position of the portable inertial 
sensor with respect to the stationary inertial sensor is determined using the detected 
angle and output data from a first three-axis gyroscopic sensor provided in the 
stationary inertial sensor and a second three-axis gyroscopic sensor provided in the 
portable inertial sensor. A two-axis gimbaled platform carrying circuitry for 
generating the electromagnetic beam is controlled to orient the platform. 

[00014] In another embodiment of the invention, a method for reference 
sighting is provided. The method comprises determining a nominal mirror line in a 
base frame for each reference mirror. A first measurement vector is measured for the 
first reference mirror. An orientation of the first gyroscopic sensor and the second 
gyroscopic sensor is determined at the time of the measuring. The measurement 
vector is converted to quaternion form. An actual mirror line is computed with 
respect to the nominal mirror line. The orientation of the second gyroscopic sensor 
is virtually de-rolled. The optical reference line is caused to converge on the nominal 
mirror line. 

[00015] In another embodiment of the invention, a method for determining 
a reference coordinate system is provided. The method comprises determining a unit 
vector in a base frame for each of first and second reflecting surfaces, wherein the 
unit vector is normal to the reflecting surface. A reference frame is determined based 
on the unit vectors. The reference frame is transformed to compute a station 
measurement in the base frame. 

[00016] In another embodiment of the invention, a method for aligning a 
device with respect to a reference line by transferring parallel and non-parallel lines 
is provided. The method comprises aligning a stationary inertial sensor with respect 
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to the reference line. An electromagnetic beam is projected from a portable inertial 
sensor to a mirror coupled to the stationary inertial sensor and detecting the angle of 
the reflected beam. The relative position of the portable inertial sensor is determined 
with respect to the stationary inertial sensor using the detected angle and output data 
from each of a pair of gyroscopes provided in the stationary and the portable inertial 
sensors. The portable inertial sensor is aligned with respect to the device. The 
position of the device with respect to the reference line is calculated using the 
detected angle and the output data. 

[00017] In another embodiment of the invention, a gyroscopic system for 
translating parallel and non-parallel lines between a reference line and a device to be 
aligned with respect to the reference line is provided. The system includes 
a first inertial sensor configured to be substantially stationary, the first inertial sensor 
comprising a first three-axis gyroscopic sensor configured to produce an output signal 
and a reflector. A second inertial sensor is configured to be portable so as to be 
positionable adjacent to the first inertial sensor and comprises a gimbal restricted to 
two physical axes, a gimbal drive system, an electromagnetic energy beam generator, 
a second three-axis gyroscopic sensor configured to generate an output signal, and a 
collimator. The collimator is operable to determine an angle between a beam 
projected by the beam generator and a beam reflected from the reflector and to 
generate an output signal indicative of the determined angle. A control circuit is 
operable to process output signals generated by the collimator and the first and 
second three-axis gyroscopic sensors and determine relative orientations of the first 
and second inertial sensors with respect to each other. 
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[00018] Further objectives and advantages, as well as the structure and 
function of preferred embodiments will become apparent from a consideration of the 
description, drawings, and examples. 

Brief Description of the Drawings 

[00019] The foregoing and other features and advantages of the 
invention will be apparent from the following, more particular description of a 
preferred embodiment of the invention, as illustrated in the accompanying 
drawings wherein like reference numbers generally indicate identical, functionally 
similar, and/or structurally similar elements. 

[00020] FIGS. 1 A, IB and 2 depict a prior art aircraft equipment 
alignment system employing a target board; 

[00021] FIG. 3 depicts a prior art aircraft equipment alignment 
apparatus for mounting a telescope in various positions; 

[00022] FIGS. 4 and 4A are block diagrams of major components of a 
system according to an embodiment of the present file; 

[00023] FIG. 5 is a schematic overview of a system according to an 
embodiment of the present invention; 

[00024] FIGS. 6A and 6B illustrate a method of aligning the mirror with 
the autocollimator; 

[00025] FIG. 7 illustrates an example of an ABE coordinate system; 

[00026] FIG. 8 illustrates a boresight reference mirror according to an 
exemplary embodiment of the present invention; 

[00027] FIGS. 9A-9C illustrate examples of a mirror coordinate frame; 
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[00028] FIG. 10 illustrates platform stabilization transforms according 
to an exemplary embodiment of the present invention; 

[00029] FIG. 1 1 illustrates transforms for nominal mirror line 
calculation according to an exemplary embodiment of the present invention; 

[00030] FIG. 12 illustrates exemplary directional cosign matrixes for 
different types of boresights reference mirrors; 

[00031] FIG. 13 illustrates exemplary mirror measurement vector 
transforms according to an exemplary embodiment of the present invention; 

[00032] FIG. 14 illustrates exemplary station finder computations 
according to an exemplary embodiment of the present invention; and 

[00033] FIG. 15 illustrates transforms for performing armament data 
line acquisitions according to an exemplary embodiment of the present invention. 
Detailed Description of the Invention 

[00034] Embodiments of the invention are discussed in detail below. In 
describing embodiments, specific terminology is employed for the sake of clarity. 
However, the invention is not intended to be limited to the specific terminology so 
selected. While specific exemplary embodiments are discussed, it should be 
understood that this is done for illustration purposes only. A person skilled in the 
relevant art will recognize that other components and configurations can be used 
without parting from the spirit and scope of the invention. All references cited herein 
are incorporated by reference as if each had been individually incorporated. 

[00035] While embodiments of the invention are designed to be used for 
alignment on any device needing information on the relative orientation of two 
structural lines, two virtual lines, or one structural and one virtual line, an exemplary 
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embodiment of the invention is described in connection with aircraft weapon and 
sensor station alignment for illustrative purposes. The error in the boresight 
orientation of the stations on an aircraft is measured by finding the orientation of the 
station under test with respect to the aircraft center line or armament datum line 
(ADL). The ADL is a set of hard reference points installed into the airframe of each 
aircraft at the time of manufacture. The misalignment between the ADL and the 
various stations is established by optically acquiring the ADL of the subject aircraft 
and then translating this line over to the weapon or sensor stations. The individual 
station orientations are optically acquired, the offset from the desired orientation is 
determined, and the offset is adapted on an operator screen. The station can then be 
brought into alignment and re-checked with the advanced boresight electronics 
(" ABE") that are described in detail below. The correct alignment of the station does 
not need to be parallel to the ADL. 

[00036] The various components comprising a system according to an 
exemplary embodiment of the invention are shown in Figure 4. Reference unit (RU) 
3 houses three ring laser gyros (RLGs) and associated microcontroller electronics. 
The RU is provided with an interface plate (113). The interface plate 113 is a 
precision hard-point mount for interfacing to the aircraft master datum reference, 
typically referred to as the ADL. The RU incorporates a permanent mirror for 
acquisition of the RU orientation. The mirror has two perpendicular surfaces 1 14, 
1 15, referred to herein as the 0 degree mirror and the 90 degree mirror. The mirrors 
(1 14 & 1 1 5) serve as precision optical references for ADL acquisition, which is the 
process by which the system establishes precision alignment between the 
measurement unit (MU) (1) and RU (3). ADL acquisition is described in more detail 
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below. The RU 3 receives its power and control interface from a system controller 
through an interface cable. The RU 3 is attached to the aircraft ADL and determines 
ADL orientation. 

[00037] The MU (1) is a portable, hand-held measurement device. It 
contains a two-axis stabilized gimbal 12, with a payload consisting of a Video Auto- 
Collimator (VAC) 14, a gimbal drive system, an integral three-axis gyroscopic sensor 
13, and the associated gyro and microcontroller electronics. The VAC 14 contains 
measurement optics, and functions as a reticle projection/ reticle imaging subsystem. 
The MU 1 receives its power and control interface from a system controller interface 
cable. Localized control of the gimbal structure, collimator, and self test is provided 
by an integral MU controller. The MU 1 is hand-held by the alignment technician 64, 
who carries the MU 1 from the ADL to the various stations. 

[00038] The handheld data unit (HHDU) 4 provides the alignment 
technician with operator information and allows operator input to the ABE system. 
System commands are entered via the HHDU keypad. The HHDU 4 display provides 
indicators for the current operational mode, measurement results, and general system 
status. 

[00039] The system controller 2 is the main command and control point for 
the ABE system. In addition to containing the system control processor and the 
interface to the MU 1 , RU 3, and HHDU 4, it contains power supplies and the power 
distribution system. The system controller can accommodate personality modules. 

[00040] A boresight reference mirror (BRM) 8 provides the reflecting 
surface needed to perform boresight measurements on various stations. Multiple 
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versions allow for the acquisition of pitch, yaw, and roll within various sets of desired 
accuracies. A BRM is discussed below with reference to Figure 8. 

[00041] Figure 5 is a schematic diagram showing the ABE System 
interfaced to a schematic aircraft. The aircraft including a structural airframe (5), and 
various types of weapon / sensor stations (7, 9, 10). The airframe (5) is assumed to 
be a rigid body, and may be subjected to external motion disturbances (6) such as 
wind load, ship motion, or motion induced by people climbing on the aircraft. 

[00042] In boresight applications, the RU (3) is interfaced to the airframe 
(5) by means of a precision ADL Adapter (1 1). The ADL Adapter (1 1) holds the RU 
(3), at a fixed orientation with respect to the airframe (5) coordinate system. The 
fixed orientation may be offset from the coordinate system. The RU (3) performs the 
function of tracking the airframe (5) as it moves through inertial space. It 
continuously reports gyroscopic data (67), representing aircraft motion, to the System 
Controller (2). 

[00043] All measurements begin with a reference sighting (21), or "ADL 
Acquisition" measurement. This process effectively zeroes out any accumulated gyro 
drift by having the system measure its own zero reference. A more detailed example 
of an ADL acquisition method is described below with reference to Figure 15. The 
zero reference is indicated by a split-plane mirror (70) that is integral with the RU (3). 
The split-plane mirror (70) (Shown schematically in Figure 5) is physically 
implemented by the two mirrors shown in Figure 2 as ADL reference mirror 1(115) 
and ADL reference mirror 2(114). 

[00044] An alignment technician positions the MU 1 in the vicinity of the 
RU 3. Upon operator request via the HHDU 4, the MU controller commands the 
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gimbal to conduct a spiral search pattern. This causes a collimated light beam 15 from 
the MU's VAC 14 to spiral until the beam reflected from the boresighting mirror 70 
on the RU 3 is captured. The spiral scan may also be initiated by the alignment 
technician holding the MU 1 keying a trigger on the MU 1 . The trigger is in parallel 
with the initiating key, for example the 'Enter" key, on the HHDU 4. This allows the 
operator of the MU 1 to more directly control measurement functions, without 
requiring that a second operator enter data from the HHDU 4. 

[00045] Once a reticle from the VAC 14 is identified during the spiral 
scan, i.e., the collimated light has been reflected from the mirror 70, and directed onto 
a CCD array or other sensor in the VAC 14, the orientation offset is calculated from 
the offset of the reflected reticle to a center pixel in the array. The center pixel is 
determined during VAC assembly and provided as a parameter to the System 
Controller. 

[00046] Once the ADL acquisition process is completed, the system is 
ready for station measurements. Different types of adapters and sensors can be 
mounted on the stations for taking measurements. Three different types of sensors 
are mounted on airframe 5; a non-optical weapon/sensor station 7, an IR/visible 
sensor station 9, and an active sensor station 10. Non-optical weapon/sensor stations 
(7) can be measured by fitting the station 7 with a BRM, and measuring the alignment 
of the mirror. Alignment of sensors that contain JR or Visible optics (IR/Visible 
Sensor Station) (9), can be measured by projecting a reference reticle beam (15) 
directly into the sensor optics, and using the sensor (9) to report any misalignment 
between the sensor zero reference and the projected reticle. Stations that produce 
active references (10), or in other words, generate a reference reticle, can be measured 
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by directly imaging the reference reticle projected from station to structure 10 with 
the VAC optics (14), and computing a measurement in a manner similar to that used 
when measuring a reflected reticle. 

[00047] In an example, a non-optical weapon station 7 is to be aligned. A 
boresight mirror 8 is mounted into an adapter coupled to the first station 7 to be 
aligned. If there is a desired offset in the orientation of this station with respect to the 
ADL, the pitch, yaw, and roll offsets are fed into the HHDU 4. For example, a 
weapon station can be mounted on the aircraft to have a line of sight that is elevated 
or perpendicular with respect to the ADL. This offset causes the MU 1 gimbal to 
rotate to that new orientation and this new orientation is then maintained. The offset 
with respect to the third axis is compensated for mathematically as described in more 
detail below. Thus, non-parallel nominal boresight lines (NBLs) can be transferred 
from the acquired ADL. Once the desired station orientation is set, the gimbal 12 is 
commanded to acquire the boresight mirror 8. The new orientation of the gimbal 12 
is used as the center of the search spiral. Again, this capture can be performed on both 
on-axis and off-axis mirrors for roll orientation, as well as pitch and yaw. Other 
mirrors, however, which have only one mirror surface on stations such as guns for 
which roll orientation is irrelevant can be used. Upon acquisition, the actual 
orientation of the station is given with respect to the ADL or, as the case may be, the 
desired orientation. The result is displayed on an operator screen on the HHDU 4 in 
terms of offset angles of pitch, roll, and yaw. 

[00048] If the station involves a virtual alignment, no capture of the VAC 
collimated light 15 is needed. Either the collimated light 15 from the VAC is used as 
a reference and is projected into the station, or the station under test can project its 
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own reticle into the VAC such as the case for an active reference station 10 
mentioned above. In the case of heads-up display alignment, a technician sits in the 
cockpit while another technician points the MU through the windscreen at him. The 
technician in the cockpit can actually see the reticle image of collimated light due to 
the focusing action of his eye. He then aligns the VAC reticle beam 15 with the 
reference reticle of the HUD. In the case of an infrared (IR) sensor, the MU 1 
produces an IR beam parallel to the collimated light 15. This beam is directed into the 
sensor optics and the sensor is brought into alignment with the collimated light 15. 

[00049] Figure 6 provides additional explanatory detail regarding use of 
the VAC (14) to measure the orientation of a mirror (8). In Figure 6(a), the mirror 
(8) is directly aligned with the optical axis of the VAC (14). Internal to the VAC 
(14), a visible source (108) produces a visible reticle (15) that is projected along the 
optical axis. The projected reticle (15) strikes the mirror (8), reflects directly back on 
itself, and enters the VAC (14) directly aligned with the optical axis. The reticle 
image that forms on the focal-plane CCD video camera (107) is centered, as shown 
at the right side of Figure 6(a). This indicates that the mirror 8 is aligned with the 
VAC 14 optical axis. 

[00050] In Figure 6(b), the mirror (8) is misaligned with the optical axis 
of the VAC (14). The projected reticle (15) strikes the mirror (8), reflects at an angle 
equal to twice the mirror misalignment, and enters the VAC (14) misaligned with the 
optical axis. The reticle image that forms on the focal-plane CCD video camera (107) 
is offset, as shown at the right side of Figure 6(b), by an amount that is proportional 
to the angular misalignment of mirror (8) with respect to the VAC optical axis. By 
detecting the amount of reticle misalignment within the image frame, it is possible 
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to calculate the angular alignment of the mirror (8) from the VAC optical axis, in yaw 
and pitch. This process can also be used to determine the offset during the ADL 
acquisition process described above. 

[00051] As mentioned above, the VAC (14) contains measurement optics, 
and functions as a reticle projection/ reticle imaging subsystem. It is capable of 
projecting either an IR or visible reticle (15) into the optics of IR or visible sensor 
stations (7, 9). It is also capable of optically measuring the angular difference 
between the VAC (14) optical axis and the axis of an externally generated reticle by 
imaging the external reticle with a focal-plane video camera. It is also capable of 
optically measuring the angular difference between the VAC (14) optical axis and the 
normal axis of a front-surface mirror 8, by reflecting a VAC-generated reticle (15) off 
the mirror (8), and imaging the reflected reticle with a focal-plane video camera. 

[00052] Referring again to Figure 5, the MU three-axis gyroscopic sensor 
(13) performs the dual functions of inertially stabilizing the VAC (14), and measuring 
the angular orientation of the VAC optical axis. It continuously reports gyroscopic 
data (65), representing VAC orientation, to the system controller (2). The VAC 
optical axis may be electronically steered and stabilized, in two axes, along any 
aircraft coordinate axis. 

[00053] As shown in Figure 5, the video data (64) from the focal plane 
video camera 107 internal to the VAC (14), is transmitted to a video processor (16) 
in, the system controller (2). The video processor (16) detects reticle images within 
the video data and uses reticle position within the image frame to determine the 
angular orientation of received reticles (Reflected MU reticle or externally generated 
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reticle) with respect to the VAC Optical Axis. This data is provided to the processor 
19 in the system controller 2 as reticle position (66). 

[00054] The system controller (2) also receives gyroscopic data from both 
the RU (3) and MU (1). This data is integrated to determine the position of both the 
aircraft (5) and the VAC (14) optical axis. The airframe gyroscopic data (67) from 
the RU (3) is integrated by a RU position calculator (18) to form a three-dimensional 
angular transform, Qru (40), that describes the orientation of the RU gyro sensor (3), 
with respect to its original position. In a similar manner, the MU gyroscopic data 
(65) is integrated by an MU gyro position calculator (17) in the system controller 2 
to form a three-dimensional angular transform, Qmu (38), that describes the 
orientation of the MU gyro sensor (13), with respect to its original position. 

[00055] The "Q" designation used with Qru (40) and Qmu (38) denotes 
that these transforms are computed as Quaternions, which are known mathematical 
constructs for representing 3-D angular motion. There are two other known 
mathematical constructs for representing 3-D angular motion (transforms), including 
direction cosine matrices (DCMs) and ordered eulerian angles {yaw, pitch, roll}. The 
three known methods for representing 3-D angular transforms each have 
computational advantages and disadvantages, but can generally be used 
interchangeably. 

[00056] As shown in Figure 5, the main processor (19) within the SC (2) 
control inputs 68 from HHDU, Qmu, Qru, and reticle position. The main processor 
19 uses a series of transform computations to provide a stabilization and axis control 
signal (20) to the gimbal (12) in the MU 1 and to compute measured results 69 that 
are provided to an operator via HHDU 4. The relative 3-D orientation between Qru 
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(40) and Qmu (38) is continuously compared to a desired (commanded) orientation, 
and steering commands (20) are output to the gimbal (12) in a closed-loop servo 
arrangement. (Detail is shown in Figure 10.) The steering commands 20 
continuously update the gimbal stabilization axis to hold the gimbal 12 in a fixed 
orientation with respect to the aircraft (5). As the aircraft (5) moves, the gimbal (12) 
tracks it, so that the relative orientation between the aircraft 5 and the VAC (14) 
optical axis is fixed. A virtual link is created between the aircraft 5 and the optics in 
the MU 1. A more detailed description of process for stabilizing the gimbal is given 
below. 

[00057] The differential stabilization technique described above allows the 
boresight system to reject motion of the aircraft. It permits accurate measurements in 
the presence of a wide range of motion disturbances, including Earth's rotation, 
vibration, wind-load, motion induced by people climbing on the airframe, and the 
deck motion found on-board ships at sea. In prior-art implementations, the 
differential stabilization was implemented using a three-axis gimbal in the MU 1 to 
provide the necessary three degrees of freedom for stabilizing the VAC optics, and 
decoupling the optics angular orientation (controlled by the main processor (19)) 
from the angular orientation of the MU 1 (controlled by the operator). The improved 
implementation disclosed herein restricts the gimbal degrees of freedom to only two 
axes (yaw and pitch), in order to save cost and reduce size and weight of the MU (1). 
The projected reticle, (15) is therefore only de-coupled from the case of the MU and 
stabilized in yaw and pitch, and is constrained to assume whatever uncontrolled roll 
attitude is imparted to the case of the MU 1 case by the operator. The reticle is 
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allowed to roll about the VAC optical axis, but the effect of this uncontrolled roll 
motion is compensated mathematically. 

[00058] The ABE system computes measurements by combining the reticle 
position data (66) from the video processor, the Qru (40) and Qmu (38) transforms, 
and additional transforms that relate known angular relationships throughout the 
system. These measured results (69) are output to the HHDU for display to the 
operator. The HHDU (4) keypad also allows the operator to provide control inputs 
(68) to configure and operate the system. The process for compensating for the two- 
axis gimbal and for determining the measurements is described in more detail below 
with reference to Figures 7-15. 

[00059] Figure 7 illustrates the ABE coordinate system, and illustrates 
rectangular coordinate {X, Y, Z} and Eulerean angle {Yaw, Pitch} representations 
of a unit magnitude vector in 3-D space. This information is provided for reference 
purposes. All measurements are made as 3-D unit vectors, and pairs of vectors are 
combined to defined 3-D reference frames. 

[00060] Figure 8 illustrates a typical boresight reference mirror (BRM) 8. 
This particular example is a 30° Vertical BRM, meaning that Mirror 2 is displaced 
from Mirror 1 by 30° in the vertical plane. Other standard types of BRMs include: 
30° Inverted Vertical, 30° Horizontal Left, 30° Horizontal Right, 7.5° Vertical, 7.5° 
Inverted Vertical, 7.5° Horizontal Left, 7.5° Horizontal Right, 90° Horizontal Left, 90° 
Horizontal Right, and Flat. Note that the RU reference mirrors (1 14 & 1 15) shown 
in Figure 4A are effectively a 90° Horizontal Left BRM, attached to the RU 3. As 
shown in Figure 8, each BRM mirror defines a vector Ml, M2 normal to the mirror 
face. A flat BRM includes a single mirror, and defines only one vector. All other 
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BRM types have two mirrors, and the two mirror vectors define a 3-D coordinate 
frame. By convention, the flat mirror is designated as Mirror 1, and the 
corresponding mirror vector as Ml . The offset mirror is designated as Mirror 2, and 
the corresponding mirror vector is M2. 

[00061] Figure 9 illustrates the process by which a local 3-D reference 
frame (BRM Frame) is computed from the two vectors of a BRM. The BRM Frame 
is represented by a 3x3 Direction Cosine Matrix (DCM), that expresses the {X\ Y', 
and Z'} axes of the BRM Frame in terms of the {X, Y, Z} coordinates of the base 
frame in which vectors Ml and M2 are measured. Row 1 of the DCM represents the 
X-axis in the {X, Y, Z} coordinates of the base frame. Similarly, Row 2 of the DCM 
represents the Y f coordinates, and Row 3 of the DCM represents the Z' coordinates. 

[00062] As shown in Figure 9(a), the X'-axis is taken as the Ml vector 
(109). The M2 Vector (110) is nominally oriented towards the Y ! -axis, but the 
amount of rotation is unknown and could be any angle. In Figure 9(b), the Z'-axis 

(1 1 1) is computed as the normalized vector cross-product (Mutual Orthogonal) of Ml 
(109) into M2 (110). Figure 9(c) completes the process by computing the Y-axis 

(1 12) as the normalized vector cross-product (Mutual Orthogonal) of the Z'-axis (1 1 1) 
into the X'-axis (109). Once the X', Y' and Z f axes are known, they may be formed 
into a DCM that describes the BRM Frame in terms of the coordinates of the base 
frame. The DCM may be converted to either Quaternion or Eulerian representations, 
as required, using known mathematical processes. 

Gimbal Steering & Stabilization Processing 
[00063] Figure 10 shows the processing detail associated with steering the 
gimbal stabilization axis. As mentioned above, the system controller 2 includes a 
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processor 19 that generates a stabilization and axis control signal 20 for the gimbal 
12. In Figure 10, each vertical line represents a localized frame of reference (3D 
orientation), and the arrows represent transforms between reference frames. The 
direction of the arrows is important. The RU interface plate 113 (Fig. 2) is the 
physical interface between the RU (3) and the ADL Adapter (1 1). This interface is 
reference frame 31. The ADL (32) represents the airframe (5) coordinate system, 
which is the frame in which all measurements are ultimately referenced. There may 
be an angular offset between the ADL (32) and the RU Mounting Plate (31), for 
example if the RU (3) is rotated with respect to the aircraft (5). This potential 
rotation is represented by QAdapter (42). QMount (41) represents the orientation of 
the RU Gyros (30) with respect to the RU Mounting Plate (31). QADL (46) 
represents the RU Gyro frame (30) in ADL (32) coordinates, and is computed as the 
combination of QMount (41) and Qadapter (42), as noted in equation (92). 

[00064] QMU (38) and QRU (40) are quaternion transforms that represent 
the position of the MU Gyros (27) and the RU Gyros (30), respectively, in relation 
to their starting positions. The starting positions are referred to as the Integration 
Inertial Frame Reference (HFR). The IIFR for the RU Gyros (29) and the IIFR for the 
MU Gyros (28) are different, and are separated by the transform QQ (39). QQ is set 
to an initial estimate during system power-up, and is periodically fine-tuned by the 
ADL acquisition process, described in connection with Figure 15, to affect a precision 
alignment between the RU Gyros (30) and the MU Gyros (27). 

[00065] The Optical Reference Line, or ORL (26) is the optical axis of the 
VAC (14). The QORL transform (37) represents the 3-D relationship between the 
ORL (26) and the MU Gyros (27). 
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[00066] The Nominal Mirror Line (NML) (33) is a frame that represents 
the expected position of the target mirror. The QNML transform (43) describes the 
3-D orientation of the NML (33) with respect to the ADL (32). Although a mirror 
position technically defines only a single vector, the NML (33) should be a 3D Frame 
in order to allow subsequent transform processing of other frames of interest. The 
QNML transform (43) is therefore computed such that the X ! -axis of the NML frame 
(33) is the expected position of the mirror vector, and the NML frame is at a zero-roll 
attitude with respect to the ADL (32). 

[00067] The output of the platform stabilization computation is the Qdelta 
transform (48). Qdelta describes the position of the NML (33) with respect to the 
ORL (26). In other words, driving this transform to identity forces the VAC optical 
axis (ORL 26) to converge on the expected position of the target mirror (NML 33). 
The stabilization and control signal 20 axis steering (Fig. 5) is implemented by 
converting the Qdelta (48) quaternion transform to a (Y aw, Pitch, Roll) Eulerian 
angle representation, then using the Yaw and Pitch terms to drive the gimbal (12) 
servo motors, thereby physically driving the VAC (14) optical axis to the expected 
mirror coordinates. The roll term cannot be removed, because the gimbal (12) is 
limited to only two degrees of freedom in order to reduce the size and weight of the 
MU (1). The un-desired roll is thus an error term that should be compensated 
mathematically as described below in several critical system processes in order to 
allow accurate measurements. 

[00068] The yaw and pitch gimbal drive signals are also combined with 
other offset terms to incrementally deviate the VAC (14) optical axis from the 
stabilization axis, in order to implement functions such as optical search scans and 
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optical tracking functions. These offsets are implemented as transient deviations 
from the stabilization axis, and do not affect the basic transform processing described 
above. 

[00069] The equation (94) for computing Qdelta (48), from a cascade of 
component transforms, includes a term QK (47). QK is a partial product transform, 
relating an offset in desired MU gyro position (35) from the RU gyro position (30). 
QK (47) is computed from equation (93), which includes a term QCILOS (45). 
CELOS is an acronym referring to Case Indicated Line Of Sight, and QCILOS (45) 
is a transform that describes an offset in the desired position of the MU Gyros (35) 
with respect to the nominal desired position for the gyros (34). The offset can occur 
because, in certain gimbal control modes, such as station finder and soft cage 
described below, the gimbal (12) is slaved to the MU (1) case, and is driven away 
from its nominal desired orientation. The desired position for the MU Gyros (34) is 
offset from the NML (33) by QORL (44). When the gimbal (12) is allowed to float 
(normal measurement mode), QCILOS (45) is set to identity (Equation (97)). 

[00070] In addition to the normal measurement mode, there are two other 
gimbal control modes, soft cage and station finder. Soft cage is a mode that drives 
gimbal (12) to follow the MU (1) case orientation, thereby allowing the MU operator 
carry the MU 1 around the aircraft 5, turning as required, without inadvertently 
driving the gimbal (12) into its stops. Soft cage is implemented by allowing the 
QCILOS (45) to integrate per equation (95). An existing value for QCILOS is 
updated by rotating the existing QCILOS transform by an incremental amount. The 
QCU term in equation (95) is a CILOS update transform, derived from the gimbal 
resolvers (Angular position sensors) by converting the yaw, pitch resolver readings 
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to Quaternion form, assuming zero roll. This rotates the existing value for the 
QCILOS (45) transform by an incremental amount, as indicated by non-zero angles 
on the gimbal resolvers, thus driving the gimbal towards its center position within the 
MU case (zero resolver position). The Qdelta* term within equation (95) is a 
mathematical compensation for the un-desired roll orientation of the gimbal (* 
denotes the mathematical conjugate of the quaternion), and effectively allows the 
QCU update transform to be applied in the rolled frame. 

[00071] Figure 1 1 shows the relationships for computing QNML (43) for 
each of the various mirror types used with the ABE system. The left side of Figure 
1 1 shows the relationships for mirrors attached to measurement stations. As noted 
in the Figure 10, the ADL (32) represents the reference frame for aircraft coordinates. 
QRS (100) is a quaternion transform that describes the orientation of a designated 
reference station (RS) (73) with respect to the ADL (32). This implementation allows 
any station to be measured, in ADL (32) coordinates, then designated as the reference 
(73) for all other station measurements. If no RS is designated, QRS (100) is set to 
identity, and the RS (73) is the ADL (32). 

[00072] QNBL (76) is a transform that describes the Nominal Boresight 
Line (NBL) (71) coordinates in terms of the RS (73). The NBL (71) is the nominal 
or expected position of the station to be measured, and is specified as a set-up 
parameter for each station. QWSA (75) is a transform that specifies the orientation 
of the BRM Frame (72) with respect to the weapon station coordinate frame, which 
is initially assumed to be the NBL (71). QWSA (75) refers to Weapon Station 
Adapter, and is a term that allows the adapter BRM to be rotated with respect to 
weapon coordinates. QMir_X (74) is a transform that specifies the orientation of 
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BRM 8 Mirror 1 and Mirror 2 (Figure 8), respectively, with respect to the BRM 
Frame (72). The QNML (43) transform is computed, for each mirror, using equation 
(101). 

[00073] The QMirr_X (74) term in Figure 11 is the quaternion 
representation of the Direction Cosine Matrix (DCM) data shown in Figure 12 
(Emir_X). Figure 12 lists the DCM data that defines the orientation of the two BRM 
mirrors for each type of standard BRM: Flat Mirror (77), 30° Vertical BRM (78), 
7.5° Vertical BRM (79), 90° Horizontal Left BRM (80), 7.5° Inverted BRM (81), 30° 
Inverted BRM (82), 90°, Horizontal Right BRM (83), 30° Horizontal Left BRM (84), 
30° Horizontal Right BRM (85), 7.5° Horizontal Left BRM (86), 7.5° Horizontal 
Right BRM (87). 

[00074] The right side of Figure 1 1 shows the QNML (43) relationships for 
the reference mirrors on the RU 3 (Ref: Figure 2, 1 14 & 115). The term labeled 
Emirror_Survey_,X (99) is a DCM, stored in the RU (3) as digital alignment data. 
This term specifies the orientation of each of the reference mirrors (Figure 2, 1 14 & 
115), with respect to the RU interface plate 1 13, reference frame (31). As mentioned 
above, the RU interface plate 1 13 is the physical interface between the RU (3) and the 
ADL Adapter (11). The ADL (32) represents the airframe (5) coordinate system, 
which is the frame in which all measurements are ultimately referenced. There may 
be an angular offset between the ADL (32) and the RU interface plate if the RU (3) 
is rotated with respect to the aircraft (5). This potential rotation is represented by 
QAdapter (42). QNML(43) is the transform representing the Nominal Mirror Line 
(NML) (33) orientation in the ADL Frame (32). This term is computed using 
equation (102). 
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Computing Mirror Vectors 

[00075] Figure 13 shows the transform processing associated with 
computing mirror vectors. This is the lowest level of measurement processing, and 
is common to all mirror measurements in all system modes. The hierarchy of 
measurement processing in the ABE is summarized as follows: 

[00076] a. Mirror Measurement : Mirrors are measured as {X,Y,Z} unit 
vectors in the ADL Frame, where the vector is normal (perpendicular) to the face of 
the mirror, and is oriented so that the vector points away from the mirrored surface 
(Per Figure 13). 

[00077] b. Computation of BRM Frames : Two mirror vectors are 
combined to compute the mirror frame (Per Figure 9), then rotated (in accordance 
with the BRM Type) to compute the BRM Frame (72). (Not applicable to Flat Mirror 
Mode) 

[00078] c. Computation of Weapon Station Frame : The computed BRM 
Frame (72) is transformed, in accordance with the specified QWSA transform (75), 
to compute the weapon station measurement in the ADL Frame. (Not applicable to 
Flat Mirror Mode). 

[00079] Format of Results : As a final step in the measurement process, the 
measurement is converted to a desired display format. This is typically a 
{Yaw, Pitch, Roll} ordered Eulerian angle representation. Other formats can be 
specified by means of a Personality Module. 

[00080] As shown in Figure 13, the cascaded series of transforms from the 
ADL (32) to the ORL (26) are the same as were previously discussed in Figure 10. 
This series cascade can be expressed as a single transform QOptJBeam (57), that 
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describes the orientation of VAC Optical Reference Line (ORL) (26) in ADL 
Coordinates. The combined transform, QOpt_Beam (57), is computed in accordance 
with Equation (103). 

[00081] The alignment of the Station Mirror (49) with respect to the ORL 
(26) is measured optically, and computed as the Video Measurement Vector 
(Vid_Meas_Vec) (56) using equation (105). In equation (105), Zvac is the Yaw 
deviation measured by the Video Processor (16), and Yvac is the Pitch deviation. 
These Eulerian angles are converted to DCM form, and the top row (X-axis) of the 
DCM s taken as the Video Measurement Vector (56). The measurement vector of the 
Station Mirror (49) in ADL (32) coordinates, V Meas (58), is computed by 
multiplying a DCM representation of the optical beam position by the Video 
Measurement Vector, as shown in Equation (104). 
Station Finder Operation 

[00082] Figure 14 shows the transform structure and processing used to 
implement the station finder mode. Station finder is a utility that allows the operator 
to find mirrors that are so far out of alignment (More than 2.5°) that they are not 
captured by the normal optical search scan. Station finder operates by soft caging the 
gimbal (12), that is, slaving the gimbal to follow the MU case orientation. The MU 
operator then aims the MU 1 at the misaligned mirror, and squeezes a trigger to 
designate that orientation as the starting position for an optical search scan. 

[00083] Prior to the trigger event, station finder mode operates using the 
transforms shown on the upper line of Figure 14. The NML (33a) is set to the ADL 
(32) by setting QNML to Identity (88). QORL (44) is a fixed misalignment of the 
MU Gyros (27) from the VAC Optical Reference Line (26), as discussed above in 
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Figure 10. The desired MU gyro nominal position (34a) is thus fixed at a slight offset 
from the ADL (32). The operation of soft cage mode and the integration of the offset 
transform, QCILOS (45), were discussed above in Figure 10. QCILOS (45) captures 
the offset between the MU gyros, as they follow motion of the MU case (35), and 
their nominal position (34a). 

[00084] When the station finder trigger event occurs, the current value of 
QCILOS (45) is logged as the search offset (QSearchOffset (89)). Once 
QsearchOffset (89) is logged, QNML (43) is computed using equation (91). 
Operation continues (bottom line in Figure 14) by setting QCILOS to Identity (90) 
and using the computed value of QNML (43). This has the effect of starting the 
measurement search scan with the MU Gyros (35) in the orientation designated by the 
station finder trigger. 

ADL Acquisition 

[00085] Figure 15 shows the transform structure and processing used for 
ADL Acquisition. Many of these transforms have already been discussed above in 
Figures 10 and 13. The ADL acquisition process includes measuring ADL Reference 
Mirror 1 (1 15) and Mirror 2 (1 14) of RU 3, computing the misalignment between the 
MU and RU Gyros (27, 30), then applying a correction to realign the gyro frames and 
thereby zero out the effects of gyro drift. Corrections are applied by updating the QQ 
Quaternion (39). The QRU (40) and QMU (38) gyro integrations are not adjusted; 
any error that accumulates in these terms is compensated by reflecting it into a new 
QQ (39). 
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[00086] Two ADL Acquisition sequences are used. The normal (front) 
ADL acquisition measures the RU mirrors in a 1-2-1 sequence. An alternate side 
ADL Acquisition uses a 2-1-2 sequence. 

[00087] The processing for both sequences is identical, and is summarized 
as follows: 

[00088] a. QNML (43) is calculated for each RU mirror (1 14, 1 15) in 
ADL coordinates (32). 

[00089] b. The first RU miiror (1 1 5) is measured and the measured mirror 
vector (VMeas in ADL Coordinates) (58) is recorded. The values of QRU (40) and 
QMU (38) must be logged at the time of each measurement. 

[00090] c. The measurement vector (58) is converted to quaternion form 
[QMeas_Zero_Roll] (63), assuming zero roll. 

[00091] d. The QAML quaternion (60) (Actual Mirror Line) is computed 
as shown below. Note: QAML is the measured mirror position with respect to the 
nominal mirror Position, and is equivalent to the accumulated drift error in the 
measurement vector (58). QAML = QNML*. QMeasZeroRoll 

[00092] e. The recorded QMU (38) is virtually de-rolled to form 
QMU_Zero_Roll (62) (See processing detail below). 

[00093] f. A new value of QQ (39) (QQn+1) is computed (Equation 1 07) 
by setting a constraint that a mirror measurement computed using the recorded value 
of QRU (40), the computed value of QMU_Zero_Roll (62), and the new value of 
QQn+1 (39), will equal the NML (33). In other words, QQ (39) is adjusted to cause 
the ORL (26) to converge (106) on the NML (33) when the MU is virtually de-rolled 
(62). 
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[00094] g. Steps b through g are repeated for each mirror in the three-shot 
sequence. 

[00095] h. An accuracy check is performed on the last measurement to 
verify the measured mirror position correlates with the expected position. If this test 
fails, the last two mirror measurements are repeated. 
ADL Acquisition Processing Detail 

[00096] NML Computation 

[00097] The Nominal Mirror Lines (33) for the two RU mirrors are 
computed using the relations illustrated on the right side of Figure 11, where 
EMirror_Survey_X (102) denotes the mirror survey data for RU Mirror 1 (1 1 5) & RU 
Mirror 2 (114), respectively: 

QNML = QAdapter. Q[EMirror_Survey_X] 
Virtual De-Roll of OMUav*: 

{Y, P, R} = Eulerian[VMeas] 
QMeas_Zero_Roll = Quat[{Y, P, 0}] 

QMU_Zero__Roll = QQn . QRU . QADL* . QMeas_Zero_Roll . 
QORL 

Computation of QQ n +i 

The new value of QQ n +i is computed per Equation (107): 

QQn+1 = QMU_Zero_Roll . QORL* . QAML . QMeas_Zero_Roll* 
. QADL . QRU* 

Accuracy Check 

[00098] The accuracy check is used to determine if another iteration is 
required. It consists of verifying that both Eulerian angles { AMLYaw, 
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AMLPitch}, for the last mirror in the sequence, are within tolerance. If it fails, the 
previous two mirror shots are to be repeated (2,1 for Normal ADL; 1,2 for Side 
ADL), and the accuracy check reapplied. 

[00099] The embodiments illustrated and discussed in this specification are 
intended only to teach those skilled in the art the best way known to the inventors to 
make and use the invention. Nothing in this specification should be considered as 
limiting the scope of the present invention. All examples presented are representative 
and non-limiting. The above-described embodiments of the invention may be 
modified or varied, without departing from the invention, as appreciated by those 
skilled in the art in light of the above teachings. It is therefore to be understood that, 
within the scope of the claims and their equivalents, the invention may be practiced 
otherwise than as specifically described. 
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